The inositol-depletion hypothesis proposes that lithium attenuates phosphatidylinositol signaling. Knockout (KO) mice of two genes (IMPA1 or Slc5a3), each encoding for a protein related to inositol metabolism, were studied in comparison with lithiumtreated mice. Since we previously demonstrated that these KO mice exhibit a lithium-like neurochemical and behavioral phenotype, here we searched for pathways that may mediate lithium's/the KO effects. We performed a DNA-microarray study searching for pathways affected both by chronic lithium treatment and by the KO of each of the genes. The data were analyzed using three different bioinformatics approaches. We found upregulation of mitochondria-related genes in frontal cortex of lithium-treated, IMPA1 and Slc5a3 KO mice. Three out of seven genes differentially expressed in all three models, Cox5a, Ndufs7, and Ndufab, all members of the mitochondrial electron transfer chain, have previously been associated with bipolar disorder and/or lithium treatment. Upregulation of the expression of these genes was verified by real-time PCR. To further support the link between mitochondrial function and lithium's effect on behavior, we determined the capacity of chronic low-dose rotenone, a mitochondrial respiratory chain complex I inhibitor, to alter lithium-induced behavior as measured by the forced-swim and the amphetamine-induced hyperlocomotion paradigms. Rontenone treatment counteracted lithium's effect on behavior, supporting the proposition suggested by the bioinformatics analysis for a mitochondrial function involvement in behavioral effects of lithium mediated by inositol metabolism alterations.The results provide support for the notion that mitochondrial dysfunction is linked to bipolar disorder and can be ameliorated by lithium. The phenotypic similarities between lithium-treated wild-type mice and the two KO models suggest that lithium may affect behavior by altering inositol metabolism.
INTRODUCTION
Lithium salts (Li) are among the main drugs used in the treatment of bipolar disorder, however, the mechanism by which Li exerts its mood-stabilizing effect is not yet unraveled. Li has been reported to have numerous effects on gene expression (Toker et al, 2012) . The evolvement of large-scale gene expression analysis methodologies provided a promising tool to understand the cellular events underlying the mood-stabilizing effect of the drug. Several microarray studies of therapeutically relevant doses of Li have previously been performed in an attempt to find new potential drug targets, however, while the list of candidate genes increased, they were not replicated among the studies, suggesting that functional rather than single gene analysis might be more appropriate for analyzing large-scale gene expression data sets in this field (Konradi et al, 2012) .
The inositol-depletion hypothesis proposes that Li acts by depletion of brain myo-inositol (Berridge et al, 1989) . The inositol-depletion hypothesis is supported by the observation that decrease in inositol is common to two other widely used mood stabilizers, valproic acid (VPA) and carbamazepine (CBZ) (O'Donnell et al, 2000; Shaltiel et al, 2004) . Several previous microarray studies of Li-induced changes in gene expression levels implied the involvement of inositol signaling-related genes. Brandish et al (2005) studied acute Li-treated rat cortical slices either with or without co-treatment with the muscarinic agonist carbachol. ADCYAP1, encoding for the pituitary adenylate cyclase activating polypeptide (PACAP), was among the genes affected by lithium and carbachol co-treatment. The effect could be prevented by inositol supplementation. Interestingly, ADCYAP1 knockout (KO) mice were shown to exhibit several bipolar disorder-related phenotypes (Hashimoto et al, 2009; Kawaguchi et al, 2003) . In a more recent microarray study by McQuillin et al (2007) over 10 genes related to the phosphatidylinositol (PI) signaling system were shown to be affected by chronic lithium treatment in mouse brain. Changes in PI cycle-related genes were also reported in two additional microarray studies assessing Li's action (Bosetti et al, 2002; Seelan et al, 2008) .
In an attempt to provide evidence for the inositoldepletion hypothesis, we have studied two strains of KO mice with deletion of genes involved in PI signal transduction, IMPA1 and Slc5a3 (Agam et al, 2009) . Both of these genes encode for proteins known to be affected by chronic Li treatment (inositol monophosphatase1 designated as IMPase1 and sodium-myo-inositol transporter designated as SMIT1) (Hallcher and Sherman, 1980; Lubrich and van Calker, 1999) . These KO mice share several mood stabilization-related behavioral and neurochemical characteristics with lithium treatment, favoring the notion that inositol metabolism is involved in the mechanism of Li-induced behavioral changes (Agam et al, 2009 ). Thus, they seemed to provide an opportunity to examine which of the many reported effects of lithium on gene expression could potentially be involved in Li-induced behavioral effects, specifically those mediated by the drug's effect on inositol metabolism.
Here, we present a first functional bioinformatics analysis of microarray data from frontal cortex of untreated wildtype (WT) mice, Li-treated WT mice, IMPA1 homozygote KO mice (IMPA1 KO), and Slc5a3 homozygote KO mice (SMIT1 KO). We further provide verification by q-PCR analysis of the expression of some single genes and present a pharmacological intervention to substantiate the bioinformatics results.
MATERIALS AND METHODS
Supplementary Figure S1 presents a schematic layout of the study.
Animals
Male, 8-week-old mice were used in all the experiments. Animals were maintained on a 12-h/12-h light/dark cycle (lights on between 0800 and 1200 h) with ad libitum access to food and water. All tests were performed during the light phase of the cycle between 0900 and 1900 h. SMIT1 and IMPA1 KO mice were originally generated as previously described (Berry et al, 2003; Cryns et al, 2008) . Each KO strain is maintained in a separate colony in our animal-care facility by breeding heterozygote males and females. Myoinositol supplementation in drinking water (3.5% w/v) to pregnant and lactating dams is used to rescue the KO mice. Genotyping was carried out as previously described (Bersudsky et al, 2008; Cryns et al, 2008) . ICR mice (Harlan, Israel) were allowed to acclimatize to the new environment for 1 week before treatment initiation. All experiments were approved by the Ben-Gurion University animal experimentation ethics committee.
RNA Extraction
Total RNA was extracted from frontal cortex specimens using the TRI reagent (Sigma-Aldrich, St Louis, MO, USA) followed by purification using the RNeasy kit (Qiagen, Germantown, MD, USA). RNA concentration was determined spectrophotometrically (Nano Drop 2000, Thermo Fisher Scientific, Waltham, MA, USA).
DNA-Microarray Gene Expression
Since IMPA1 KO and SMIT1 KO mice were generated on different backgrounds (C57BL/129x1/Svj for SMIT1 and C57BL6/129Sv/EvBrd for IMPA1), the microarray analysis was carried out separately for each colony. In each colony, three groups with four animals per group were examined (except for WT-untreated mice of the SMIT1 colony of which three animals were studied): WT-untreated, WT-Li treated, and KO (IMPA1 or SMIT1). Extracted RNA of each mouse was hybridized to one Affymetrix Mouse Gene 1.0 ST chip. Hybridization was carried out at the DNA microarrays and DNA sequencing Laboratory of the National Institute for Biotechnology in the Negev, Beer-Sheva, Israel, affiliated to our university. Microarray chips and reagents used in the experiment of a given colony were from the same Affymetrix batch.
Statistical Analysis of the DNA Microarrays
Initial data analysis was supervised by VC-C from the Bioinformatics Core Facility, National Institute for Biotechnology in the Negev, using the Partek and SpotFire software. Briefly, signals were log2 transformed and preprocessed using the robust multi-chip average (RMA) method (Irizarry et al, 2003) . Principal component analysis (PCA) was performed for each colony separately. It revealed clustering among the 12 samples (designated as 'batch effect'). In both colonies, a batch effect was found which was balanced with regard to the biological groups. Probe sets with log 2 -transformed signals below a value of five in all samples were considered as 'noise' and excluded from further analysis. Initially, three-way mixed model ANOVA was used to analyze the difference between the colonies regarding the effect of Li. The following effects were included in the analysis: WT-Li vs WT-untreated as the biological effect, colony (IMPA1 or SMIT1) and batch as random effects (batch effect relates to the overall differences between the experiment of the IMPA1 colony vs the SMIT1 colony in terms of the different colony background, the Affymetrix batches used for each of the colonies, the experimental dates, etc.). Subsequently, two-way mixed model ANOVA was carried out separately in each colony to assess the effect of Li treatment and of the KO of each of the genes. The following effects were used in the analysis: type (WT-untreated, WT Li-treated, and KO) as the biological effect and batch as the random effect. Differentially expressed genes were defined as those having Po0.05 compared with WT-untreated mice.
For clustering analysis, signals were batch-corrected using the Partek software. Genes showing differential expression in either Li-treated animals or KO animals were included in the analysis. The Hierarchical Clustering tool of the SpotFire software was used to create heatmap and dendrogram of Z-score transformed signals.
Network and Pathway Analyses
The Functional Annotation Tool in DAVID 6.7 (the Database for Annotation, Visualization and Integrated Discovery) bioinformatics software was used according to the publisher's recommendations (Huang da et al, 2009 ) for enrichment analysis of the genes differentially expressed in the same direction in the KO mice and Li-treated WT mice compared with WT-untreated mice in each colony. To gain further information about the direction of the enrichment change, two additional enrichment analyses were performed separately for the upregulated and the downregulated genes.
The raw data of the microarray results were uploaded onto the Gene Set Enrichment Analysis (GSEA) V2.5 software (Subramanian et al, 2005) , a computational method that determines whether an a priori defined set of genes ('gene sets') shows statistically significant concordant differences between two biological states. GSEA calculates an enrichment score (ES) for a given gene set using a ranked list of genes. The rank represents the correlation between the expression of the gene and the phenotype. ES is calculated by walking down the ranked list of genes, increasing a running-sum statistic when a gene is in the gene set and decreasing it when it is not. Further, the software infers the statistical significance of each ES against background ES distribution calculated by randomly shuffling the labels on the samples (phenotype permutation) or by creating random gene sets matching the actual size of a particular gene set (gene_set permutation). Given the relatively small sample size in our study, we used the setup of 1000 gene-set permutations for analysis and a false discovery rate (FDR) cutoff of q-valueo0.05 to identify differentially expressed sets of genes, as advised by the software team (http://www.broadinstitute.org/gsea/doc/ GSEAUserGuideFrame.html), using an a priori defined sets of genes (GO gene-set collection 'c5.all.v2.5.symbols').
Data were further analyzed through the use of IPA (Ingenuity Systems, www.ingenuity.com) to identify pathways and functions affected by IMPA1 KO, Slc5a3 KO, and Li treatment. To reach the recommended number of genes to be used in the analysis, the cutoffs for P-value and fold of change (f.c.) were set to Po0.05, |f.c.|41.1 and Po0.035, |f.c|41.15 for the IMPA1 and the SMIT1 colonies, respectively. The functional analysis identifies the biological functions and/or diseases that were most significant to the data set. Genes from the uploaded data set that met the cutoffs mentioned above and were associated with biological functions and/or diseases in the Ingenuity Knowledge Base were considered for the analysis. Right-tailed Fisher's exact test was used to calculate a P-value determining the probability that each biological function and/or disease assigned to that data set is due to chance only. Canonical pathway analysis was used to identify the pathways in the IPA library of canonical pathways that were most significant to the uploaded data set. Genes from the data set that met the above-mentioned cutoffs and were associated with a canonical pathway in the Ingenuity Knowledge Base were considered for the analysis. The significance of the association between the data set and the canonical pathway was measured in two ways: (1) A ratio of the number of genes from the data set that map to the pathway, divided by the total number of molecules that map to the canonical pathway. (2) Fisher's exact test was used to calculate the Pvalue determining the probability that the association between the genes in the data set and the canonical pathway is explained by chance only.
Real-Time PCR
RNA samples were extracted from frontal cortex of the KO, Li-treated WT mice, and WT-untreated mice from IMPA1 and SMITA colonies (IMPA1 colony, n ¼ 13, 8, and 10, respectively; SMITA colony, n ¼ 10, 4 and 8, respectively), as described under RNA extraction. RNA was reverse transcribed using the Verso cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). MAPK6 was used as the reference gene since it has been recommended as a brain control gene (Cai et al, 2007) . Using our microarray data, we confirmed that the expression of this gene is not significantly different among the groups. Real-time PCR was performed using an ABsolute Blue Sybr mix (ABgene, Lithuania) and an Eco qPCR system (Illumina, San Diego, CA, USA). The relative expression of each gene was calculated by the Pfaffl method (Pfaffl, 2001) implemented in the Eco qPCR system software. A pool of all the samples was used for normalization. The thermal cycling program was as follows: hold on 951C for 15 min. followed by 34 cycles of: 10 s 951C, 30 s 581C, 25 s 721C. Supplementary Table S1 contains the primers' sequences for the genes examined and the respective efficiencies of their reactions.
Drugs
Rotenone (Sigma-Aldrich, St Louis, MO) was dissolved (0.1 mg/ml) in saline supplemented with 0.5% DMSO and injected subcutaneously (s.c.), 0.5 mg/kg. D-Amphetamine (Sigma-Aldrich, Gillinfhuam, UK) was dissolved (0.15 mg/ml) in saline and injected intraperitoneally (i.p.), 1.5 mg/kg. The dose and schedule of rotenone and amphetamine were chosen based on (a) the rationale that the model should represent gradual mitochondrial dysfunction preceding Li treatment, (b) doses previously reported in the literature, and (c) our preliminary results. We used a rotenone dose lower than previously reported to induce a Parkinson's-like phenotype (Greenamyre et al, 2010) to avoid motor dysfunction but high enough to obtain behavioral effects. The amphetamine dose was chosen so that it would be high enough to induce noticeable hyperactivity but lower than that resulting in a ceiling effect/stereotypic behavior.
Chronic Lithium Treatment
Chronic lithium treatment was carried out as previously described (O'Brien et al, 2004) . Animals were weighed every 2 days during the treatment period. The measured serum Li levels following this treatment regime were 0.89 ± 0.43 mmol/L (SD) Rotenone Treatment ICR mice were injected once daily s.c. with rotenone or vehicle for 4 weeks. After 2 weeks of injections, each of the Lithium, inositol, and mitochondrial function L Toker et al groups was divided into two subgroups of Li treatment and regular food as described above for lithium treatment. All animals were daily weighed and their general well-being was assessed by examination of their fur and general appearance. After 4 weeks of treatment, all animals were evaluated for motor function by the hanging wire and rotarod tests a day before the mood-related behavioral tests. Animals with aberrant performance in either of the motor tests (exhibiting scores exceeding the mean ± 2SD of their group) were excluded from further experiments. Overall, five mice were excluded from the experiment based on the altered motor ability; three from the regular food þ rotenone group and two from the regular food þ vehicle group. The FST and amphetamine-induced hyperlocomotion tests were performed as described elsewhere (Bersudsky et al, 2007; Creson et al, 2011) on consecutive days.
Hanging Wire Test
Each animal was placed on a metal grid that was gently shaken to cause a grabbing reflex and slowly turned upside down. Latency to fall was counted during a session of 1 min, as previously described (Crawley, 1999) .
Rotarod Test
The protocol for the test is a modified version of Monville et al (2006) . Animals were subjected to a series of 1-min sessions separated by 10 min on the rotarod apparatus (ROTA-ROD/ RS, Letica Scientific Instruments, Panlab, Barcelona, Spain) using the following protocol: 0 r.p.m., 4 r.p.m., three sessions of accelerating 4-40 r.p.m. (two training sessions followed by the test session). Latency to fall was counted for each session.
Statistical Analyses
Two-way ANOVA was used for the analyses of FST, hanging wire, and rotarod tests. Amphetamine-induced hyperlocomotion results were analyzed by two-way repeated measures ANOVA. Significant ANOVA results were followed by Fisher's LSD post hoc test.
In IMPA1 colony, statistical analysis of real-time PCR results was carried out by one-way ANOVA performed separately for each gene followed by post hoc Fisher's LSD test. ANOVA was not applicable in the SMIT1 colony due to heterogeneity of variances and the unbalanced sample size among the groups studied. Thus, the results were analyzed by Welch's t-test.
RESULTS

Gene Expression Analysis
Since IMPA1 KO and SMIT1 KO mice were generated on different backgrounds, the microarray analysis was carried out separately for each colony (further referred to as the SMIT1 colony or the IMPA1 colony). Three-way mixed model ANOVA of WT-untreated and WT Li-treated mice from both colonies revealed that the major source of variation between the groups was the colony (Supplementary Figure S2 ), supporting our a priori approach to perform the expression analysis separately for each colony.
IMPA1 colony: in the frontal cortex of both IMPA1 KO mice and Li-treated WT mice as compared with WTuntreated mice, 193 genes were similarly differentially expressed (either upregulated or downregulated) at a statistical significance level of Po0.05. SMIT1 colony: in the frontal cortex of both SMIT1 KO mice and Li-treated WT mice as compared with WT-untreated mice, 778 genes were similarly differentially expressed at a level of Po0.05. Hierarchical clustering of 4643 genes differentially expressed by Li treatment or the KO in either of the colonies showed two major clusters of the samples corresponding to SMIT1 and IMPA1 colonies (Supplementary Figure S3) . Only one gene cluster consisting of 419 annotated genes (Supplementary Excel file) showed a similar expression pattern between the two colonies. Functional annotation of this gene cluster using the DAVID software revealed that almost all functional annotations with FDRo0.05 were related to mitochondria, specifically to respiratory function (Supplementary Figure S4) . In addition, a small number of the functional annotations (6/36) were related to ribosomal function.
Analysis of the Differentially Expressed Genes Using the DAVID Software
For each colony, genes with similar differential expression (Po0.05) in the frontal cortex of the KO mice and the Litreated WT mice as compared with WT-untreated mice were uploaded onto the software. Out of the uploaded genes, 159 and 654 genes from the IMPA1 and SMIT1 colonies, respectively, were identified by the software and used for the analysis. In both colonies, significantly enriched terms and significant KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways (Bonferroni corrected Po0.05, FDRo0.05) were related to mitochondria (Table 1 ; Supplementary Figure S5A and B). KEGG pathways significantly enriched in both colonies were Parkinson's disease, Alzheimer's disease, Huntington's disease, and oxidative phosphorylation. Hence, enrichment in oxidative phosphorylation-related genes is identified by the software as enrichment in the pathways related to these three diseases. Indeed, almost all of the genes included in those pathways were part of the mitochondrial electron transport chain. Interestingly, within the oxidative phosphorylation complexes, the differentially expressed genes belong to all complexes of the electron transfer chain except for complex II, consistent with the previously reported differential effect of lithium on the mitochondrial complexes (Maurer et al, 2009) (Supplementary Figure S6A and B) .
Separate analyses of the upregulated and the downregulated genes showed that enrichment in mitochondriarelated terms appears only among the upregulated genes (Supplementary Figure S7A and B) . No significantly enriched terms (FDRo0.05) were found among the downregulated genes.
Analysis using the GSEA Software
For both KOs, the most significant gene set found using an FDR cutoff of q-valueo0.05 was 'structural_constituent_of ribosome' followed by various mitochondria-related gene sets (Table 2) , all exhibiting upregulation as compared with Lithium, inositol 
WT-untreated mice. No significantly differentially expressed gene sets were obtained in the Li-treatment groups, a result possibly related to the observation that Li treatment in humans affects diseased individuals much more than healthy subjects, corresponding to greater behavioral effects of the drug in challenged animals than animals under baseline conditions (Marchese et al, 2013; Saul et al, 2012) .
Analysis Using the IPA Software
As seen in Supplementary Figure S8A , using the cutoffs of Po0.05, f.c.41.1 and Po0.035, f.c41.15 for the IMPA1 and SMIT1 colonies, respectively (the choice of these cutoffs is justified under Materials and methods, and Network and Pathway Analyses sections), multiple biological functions were significantly affected both by Li treatment in the two colonies and by IMPA1 or Slc5a3 KO. However, the common significantly affected canonical pathways in the four groups (WT Li-treated mice from the SMIT1 colony, WT Li-treated mice from the IMPA1 colony, SMIT1 KO, and IMPA1 KO) were oxidative phosphorylation, mitochondrial dysfunction, and ubiquinone biosynthesis, all related to mitochondria (Table 3 ; Supplementary Figure S8B ). Supplementary Figure S9 represents the Venn diagram of the significantly upregulated (A) and downregulated (B) genes.
Single Gene Expression
The expression of seven annotated genes was significantly changed (Po0.05) in the same direction (upregulation or downregulation) in IMPA1 and in SMIT1 KO mice and in Li-treated WT mice of both colonies as compared with their respective WT-untreated littermates (Table 4) . Four of the genes, Cox5a, Ndufab1, Ndufs7, and Uqcrfs1, participate in the oxidative phosphorylation pathway and were all Lithium, inositol, and mitochondrial function L Toker et al upregulated compared with WT-untreated mice. Three of these genes, Cox5a, Ndufs7, and Ndufab1, have previously been indicated by at least two independent studies to be upregulated by lithium treatment, downregulated in bipolar patients or genetically associated with bipolar disorder (Andreazza et al, 2010; Konradi et al, 2004; Sun et al, 2006; Washizuka et al, 2005; WTCCC, 2007) . We performed quantitative real-time PCR analysis of Cox5a, Ndufs7, and Ndufab1 in the frontal cortex of IMPA1 KO mice, SMIT KO mice and their WT Li-treated and untreated littermates (Supplementary Figure S10A and B) . In general, the results were consistent with those obtained in the microarrays analysis: the expression of the three genes was modestly higher both in IMPA1 KO and in SMIT1 KO and in WT Li-treated mice compared with their WTuntreated littermates. Yet, possibly due to the relatively small expression changes and the greater variability in the results obtained using a real-time PCR, these differences reached statistical significance only for some of the groups and some of the genes studied. Gene_Sets showing a significant difference between KO mice and WT-untreated mice. Size ¼ number of genes included in a particular gene set; FDR q-value ¼ false discovery rate, adjusted to the gene-set size and multiple hypotheses testing; NES ¼ normalized enrichment score (ES) calculated by dividing the actual ES by the mean ES against all permutations performed. A positive score indicates upregulation of the gene set in KO mice as compared with WT-untreated mice. A negative score indicates downregulation of the gene set in KO mice as compared with WT-untreated mice.
The non-mitochondrial genes with a similar significant expression change in all four groups, Gaa, Gemin4, and Rc3h1, have not previously been reported to be related to lithium treatment and/or to bipolar disorder, and did not cluster to any particular function. Thus, their relevance to lithium's therapeutic effect remains to be investigated.
Supplementary Table S2 presents genes differentially expressed in some, but not in all four groups of mice (IMPA1 and SMIT1 KO mice and Li-treated WT mice of both colonies as compared with their respective WT-untreated littermates). These genes were shown to be affected by lithium treatment in previous microarray studies.
Rotenone-Induced Behavioral Effects
On the basis of our microarray results and previous reports of reduced mitochondrial function in bipolar patients (Andreazza et al, 2010; Stork and Renshaw, 2005) , we hypothesized that chronic mild inhibition of oxidative phosphorylation would induce a bipolar disorder-like behavioral phenotype that would be ameliorated by chronic lithium treatment. Chronic treatment with rotenone, an oxidative phosphorylation complex I inhibitor, is used to model Parkinson's disease. However, the doses shown to elicit Parkinson's-like effects are higher than those used in our study.
Mice were divided into groups according to two main factors: (1) rotenone injections (yes or no) and (2) lithiumsupplemented food (yes or no), creating four groups: regular food þ vehicle, chronic Li treatment þ vehicle, regular food þ chronic rotenone treatment, and chronic Li treatment þ chronic rotenone treatment.
No difference was found between rotenone-treated and untreated mice in weight, well-being (monitored by the examination of their fur and general appearance) or general motor function (Supplementary Table S3 ), confirming that rotenone concentration used did not affect the general condition of the animals. Sporadic mice exhibiting altered motor ability in either the hanging wire or the rotarod tests were excluded from further experiments.
In the FST, as expected (Bersudsky et al, 2007; O'Brien et al, 2004) , lithium treatment exerted an antidepressantlike effect, reducing the immobility time as compared with both regular food groups, either rotenone pretreated or vehicle pretreated (Figure 1a) . Two-way ANOVA revealed a significant treatment effect of lithium (F 1,68 ¼ 29.04, Po0.000001), a significant effect of rotenone (F 1,68 ¼ 6.92, Po0.011), and a significant lithium Â rotenone interaction (F 1,68 ¼ 4.5, Po0.038). Lithium reduced the immobility time Ratio indicates the number of genes from the data set that map to the pathway divided by the total number of genes that map to the canonical pathway. Gene expression data of the IMPA1 KO mice and Li-treated WT mice from the IMPA1 colony (IMPA1_Li), SMIT1 KO mice and Li-treated WT mice from the SMIT1 colony (SMIT_Li) were subjected to the IPA canonical pathway analysis. Genes from the uploaded data sets that met the cutoffs (Po0.05, f.c.41.1 and Po0.035, f.c.41.15 for the IMPA1 and the SMIT1 colonies, respectively, as justified under Materials and methods) and that were associated with a canonical pathway in the Ingenuity Knowledge Base were considered for the analysis. Fisher's exact test was used to calculate the P-value determining the probability that the association between the genes in the data set and the canonical pathway is explained by chance only. Genes previously reported to be upregulated by lithium treatment or downregulated in/genetically associated with bipolar disorder in at least two independent studies. All of them are related to mitochondrial function. The designations SMIT_Li and IMPA_Li as in Table 3 .
of vehicle-pretreated mice by 48% (regular food þ vehicle, 165±39 sec; Li þ vehicle, 85±49 s, Fisher's LSD post hoc test, Po10
), an effect twice stronger than in rotenonepretreated animals (regular food þ rotenone, 170 ± 39 s; Li þ rotenone, 135±49 s. Po0.03, 21% reduction). Chronic treatment with rotenone (regular food þ rotenone) did not have a significant effect. However, rotenone treatment significantly prevented the effect of lithium (Po0.0008) (Figure 1a) .
In the amphetamine-induced hyperlocomotion test, there was no difference among the groups before amphetamine administration. Rotenone augmented amphetamine-induced hyperlocomotion and Li treatment abolished this effect (Figure 1b) . Two-way repeated measures ANOVA of the results following amphetamine administration indicated a significant treatment effect (F 3, 51 ¼ 7.78, Po0.0003 ) and time Â treatment interaction (F 15, 255 ¼ 3.33, Po0.00004) . Post hoc analysis indicated that rotenone's augmentation of the effect of amphetamine was statistically significant (Fisher's LSD post hoc test, Po0.026) and so was Li's effect to abolish rotenone's effect on amphetamine-induced hyperlocomotion (Fisher's LSD post hoc test, Po0.0002) (Figure 1b) . Two-way repeated measures ANOVA of the total distance during the baseline phase and the total distance during the first 30 min after amphetamine administration revealed a significant effect of amphetamine (F 1,53 ¼ 23.627, Po0.00001) and a significant amphetamine Â lithium Â rotenone interaction (F 1, 53 ¼ 4.26, Po0.04) .
DISCUSSION
The first part of the present study was a gene expression microarray analysis looking for inositol-modulated pathways related to the mood-stabilizing effect of Li in mouse frontal cortex. We were able to evaluate inositol-mediated gene expression changes because of our simultaneous analysis of expression changes in Li-treated mice and in mice harboring KO of either IMPA1 or Slc5a3, both encoding proteins related to the PI cycle and shown to be affected by therapeutic levels of the drug. Our group has previously reported Li-like behavioral and neurochemical phenotypes exhibited by these two strains of KO mice (Agam et al, 2009 ).
At the single gene level, out of seven genes with similar differential expression in IMPA1 and SMIT1 KO mice and in Li-treated WT mice from the two colonies, four are part of the oxidative phosphorylation pathway. Three of them, Cox5a, Ndufab1, and Ndufs7, all found to be upregulated in the present study both in the microarray data and by realtime PCR, were previously reported to be associated with Li treatment (McQuillin et al, 2007) and bipolar disorder (Andreazza et al, 2010; Konradi et al, 2004; Sun et al, 2006; Washizuka et al, 2005; WTCCC, 2007) . However, these results need to be considered with caution. Measurements of respective protein levels encoded by these mitochondriarelated genes and measurements of their function are needed to verify functional significance of the expression changes of these particular genes. Surprisingly, our microarray data did not show a significant upregulation of Adcyap1 as observed by Brandish et al (2005) after 24 h of Li-induced inositol depletion. However, a trend for significant upregulation of this gene was observed in SMIT1 KO and Li-treated WT mice from the SMIT1 colony. Thus, it is possible that changes in Adcyap1 expression are proximal to the cascade of events modulated by inositol depletion. In general, out of 29 inositol-regulated genes reported by Brandish et al, 15 genes did not pass the expression level threshold in our study, partly explaining the low replicability between the two studies.
Some of our findings at the level of single genes corroborate findings of other microarray studies on the effect of Li, as summarized in Supplementary Table S4 . For example: (1) Our finding of significantly upregulated Cox5a in IMPA1 KO, SMIT1 KO, and Li-treated mice from both colonies corroborates the report of McQuillin et al (2007) in mouse brain following chronic lithium treatment. It could have been expected that commonly differentially expressed genes in our study would be enriched in genes related to PI signaling. Unexpectedly, only mitochondrial function was shown by all three bioinformatics approaches to be enriched among these genes. This finding corroborates previous reports of downregulation of mitochondriarelated genes (Konradi et al, 2004; Sun et al, 2006) , mitochondrial dysfunction (Stork and Renshaw 2005) , and mitochondrial structural abnormalities (Cataldo et al, 2010) in bipolar patients. The results are also consistent with studies showing beneficial effects of mood stabilizers on mitochondrial function (Maurer et al, 2009; Valvassori et al, 2010) and oxidative stress (Lai et al, 2006) .
Our results in the two Li-treatment groups did not replicate previously reported gene expression changes, neither in BDNF nor in Bcl-2 (Machado-Vieira et al, 2009). It is noticeable that while upregulation of these two genes following chronic Li treatment is seemingly well established (Machado-Vieira et al, 2009), it is not robustly reflected in microarray studies (Chetcuti et al, 2008; Fatemi et al, 2009; McQuillin et al, 2007) , possibly due to the methodological differences between microarrays and realtime PCR analyses. As recently discussed by Konradi et al (2012) , the strength of transcriptome studies, such as microarrays, is the examination of the expression pattern of interrelated groups of genes. The statistical chance for a concordant expression change in a group of genes with a similar function or location is much smaller than the likelihood to reach a significant change for an individual gene. The use of stringent statistical tests such as correction for multiple testing and of relatively high cutoff values for the analysis of microarray data decreases the number of 'false positive' differentially expressed genes at the cost of an increased number of 'false negatives', excluding genes with small but true fold of change and relatively high variance. Moreover, an organism is a complex network with multiple regulation targets. The activity of an enzyme or the level of a metabolite may be affected at the level of genetics, epigenetics, change in the levels of transcription factors, alternative splicing, existence of RNAi, translation or degradation rate, activity of isoenzymes, etc. Since any of the above can be altered, we suggest that each individual might have his own 'network setup' which defines his personal response to environmental factors intervening with the network. Thus, particularly in multifactorial disorders, the expression level of a single gene might be a poor indicator of upstream causative factors or of the downstream consequences responsible for a final outcome. Several microarray studies were carried out to unravel the pathophysiology of bipolar disorder using different species, tissues, and mood-stabilizer treatment regimens (Chetcuti et al, 2008; Konradi et al, 2004; McQuillin et al, 2007; Sun et al, 2006) . Among the reported candidate genes almost none replicated between the studies. However, if one considers functional gene groups, quite a few of the studies indicated downregulation of mitochondria-related genes in bipolar patients, with components of the electron transport chain in particular (Konradi et al, 2004; Sun et al, 2006) and upregulation of these biological components following chronic Li treatment (Valvassori et al, 2010) .
In the second part of the present study, we aimed to model the reported mitochondrial dysfunction in bipolar patients (Andreazza et al, 2010; Konradi et al, 2004; Stork and Renshaw, 2005) using chronic low doses of rotenone. This reflects the concept that the disorder involves a gradual decrease in mitochondrial function, with symptoms beginning only when a threshold is reached or when an event occurs which requires fully functional cells, making the subject more vulnerable to environmental factors targeting mitochondrial function. Our results showing counteracting effects of lithium and rotenone in the FST model of depression and in the amphetamine-induced hyperlocomotion model of mania are in favor of an interrelationship between the mood-stabilizing effect of Li and mitochondrial function. This is the first report of a whole-genome expression study carried out concomitantly in Li-treated mice and in mice exhibiting Li-like behavior induced by KO of either of two genes affecting inositol metabolism. Our results indicate upregulation of genes related to mitochondrial function in Li-treated mice, with similar effects in the two KO mice strains exhibiting a common phenotype to lithium-treated WT mice. The results raise the possibility that the effect of lithium on mitochondrial function may be due to altered inositol metabolism.
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